Aims/hypothesis Soluble CD163 (sCD163) was recently identified as a strong risk marker for developing type 2 diabetes. We hypothesised that sCD163 independently associates with insulin resistance. Methods This cross-sectional study includes 234 participants: 96 with type 2 diabetes, 34 with impaired glucose tolerance (IGT) and 104 with normal glucose tolerance (NGT), matched for sex and BMI. Glucose-lowering medication was paused for 1 week before plasma samples were obtained for determination of sCD163 and other inflammatory and metabolic variables. Insulin resistance was estimated by homeostasis model assessment of insulin resistance (HOMA-IR).
Introduction
Chronic systemic inflammation plays an important role in the development of obesity-related insulin resistance. Insulin resistance is associated with increased concentrations of inflammatory markers such as C-reactive protein (CRP) [1] ; and it has been established that adipose tissue, rather than just functioning as a storage depot for excess lipid energy, is an active endocrine organ that releases a number of hormones and adipokines [2] . Furthermore, recent studies have shown that adipose tissue in obese individuals is inflamed and infiltrated by macrophages that secrete proinflammatory cytokines such as TNF-α and IL-6 [3] . These cytokines promote insulin resistance and are thought to be directly involved in the development of obesity-related disease [4] [5] [6] .
TNF-α is expressed as a membrane-bound protein in the macrophages and other immune cells [7] . TNF-α is cleaved into a soluble form and released from the cell surface by proteolytic action of the metalloproteinase TNF-α-converting enzyme (TACE/ADAM17) [8] . Recently it has been shown that TACE is also responsible for the shedding of macrophagespecific soluble CD163 (sCD163) [9] . Plasma sCD163 is regarded as a longer duration circulating marker of TNF-α, and concentrations of sCD163 are increased in obese [10, 11] and type 2 diabetic patients [12] , consistent with macrophage accumulation in the adipose tissue. Zanni et al., in a study which was published while this manuscript was under review, reported a strong association between sCD163 and insulin resistance in obese individuals and normal-weight controls [11] . Furthermore, we have recently shown that baseline increased sCD163 is a strong risk factor for developing type 2 diabetes during the subsequent 18 years in the general population [13] .
The primary objective of the present study was to evaluate the association between sCD163 and insulin resistance in welldefined groups of individuals with type 2 diabetes, impaired glucose tolerance (IGT) and normal glucose tolerance (NGT). A secondary objective was to compare sCD163 as an independent predictor of insulin resistance with TNF-α, CRP and IL-6.
Methods
The local Ethics Committee of Copenhagen and Frederiksberg approved the study (01-141/04), and informed consent was obtained from all participants.
Subjects
The original study had a cross-sectional, casecontrol design and included patients with type 2 diabetes and healthy individuals matched for age, sex and BMI [14] . Participants were recruited by advertising in a local newspaper in the communities of Copenhagen and Frederiksberg, Denmark, and information on the diagnosis of type 2 diabetes was based on oral information from each participant. A standard OGTT was performed and WHO diagnostic criteria were used to verify participants' glycaemic status [15] . The present study also included individuals with IGT. In all, 234 participants were included: 96 with type 2 diabetes, 34 with IGT and 104 with NGT. Baseline characteristics are shown in Table 1 .
Exclusion criteria were recent or ongoing infection, immune inflammatory disease, history of malignant disease, or treatment with anti-inflammatory drugs or insulin.
Study design All participants' medication was paused for 24 h prior to the examination day, and in patients with type 2 diabetes oral glucose-lowering medication was paused for 1 week. After an overnight fast, participants arrived at the laboratory between 08:00 and 10:00 hours. Blood samples were drawn from an antecubital vein to measure sCD163 and other markers of inflammation (CRP, TNF-α, IL-6) and metabolic variables (HbA 1c , glucose, insulin, triacylglycerol, total cholesterol, and HDL-and LDL-cholesterol). An OGTT was conducted as previously described [14] .
Laboratory assessments Plasma levels of HbA 1c , glucose, insulin, triacylglycerol and total, HDL-and LDL-cholesterol were measured using standard clinical biochemical methods. Plasma CRP was measured using Tinaquant CRPLX (Roche Diagnostics, Mannheim, Germany). Plasma concentrations of TNF-α and IL-6 were measured by ELISA (R&D Systems, Minneapolis, MN, USA).
We determined serum concentrations of sCD163 in duplicate samples that had been frozen for up to 7 years at −20°C by use of an in-house sandwich ELISA on a BEP-2000 ELISA analyser (Dade Behring, Marburg, Germany) [16] . In each run, we co-analysed control samples and serum calibrator with concentrations traceable to purified CD163. The interassay imprecision in the current study (seven runs) was 6.6% CV at concentrations of 1.52 mg/l, and 8.6% CV at 3.76 mg/l. The limit of detection was 6.25 μg/l. Soluble CD163 is robust to thawing, and stability has been rigorously verified for at least 7 months at −20°C [16] . Postprandial levels of sCD163 (4 h after a meal) did not differ significantly from fasting levels in healthy individuals (data not shown).
Insulin resistance Insulin resistance was estimated from fasting plasma insulin and glucose concentrations using HOMA of insulin resistance (HOMA-IR) [17] . The HOMA model, version 2, from 1996, was used [18] .
Statistical analyses Baseline glycaemic group comparisons were made using the one-way ANOVA test (normally distributed data), Kruskal-Wallis test (non-normal data) or χ 2 test (for sex; Table 1 ).
The relationship between the different metabolic variables and sCD163 was investigated using simple linear regression and multiple linear regression on a log-log scale where appropriate. Two multivariate models were considered: model 1, which included sex and glycaemic group; and model 2, which also included age and BMI (Table 2 ). In order to determine whether the association between the metabolic variables and sCD163 differed between sexes and glycaemic groups, we included interaction terms between sCD163, sex and glycaemic group. The appropriateness of the multiple linear models to describe the data was established by inspecting plots of the standardised residuals against the fitted values and the different covariates.
The relationship between HOMA-IR and the different inflammatory markers was also investigated using simple linear regression and multiple linear regression. Two multivariate models were considered: model 3, which included all four inflammatory markers as explanatory variables; and model 4, which also included sex, glycaemic group, age, BMI and concentrations of triacylglycerol and HDL-cholesterol (Table 3) . Model validation was performed as for the metabolic variables.
We compared the value of CRP and sCD163 in predicting HOMA-IR by testing the hypothesis of equal width of the prediction intervals for HOMA-IR based on CRP and sCD163, respectively. This was done using Pitman's test and 
Results
The baseline characteristics of the study participants are shown in Table 1 . (Table 2 ). The association between sCD163 and HOMA-IR did not depend significantly on glycaemic group (p00.91).
Plasma sCD163 is increased in IGT and
In multivariate linear regression analysis adjusted for sex and glycaemic group (IGT and type 2 diabetes) (model 1), as well as for age and BMI (model 2), sCD163 was still a significant predictor of HOMA-IR, insulin, triacylglycerol and HDL-cholesterol (inversely; all, p≤0.0017), but not glucose ( Table 2) . Whereas BMI was determined in all participants, other anthropometric measures such as waist circumference and total fat mass (dual-energy x-ray absorptiometry scans) were determined in most but not all participants. The correlations between sCD163 and the different measures of obesity were quite similar (R00.23-0.26; all p≤0.0006). In glycaemic subgroup analyses, the correlations were also comparable, although only for BMI were all correlations statistically significant in all subgroups.
An increase of 50% in sCD163 resulted in an estimated increase in HOMA-IR of 36% (95% CI 26, 48) in the unadjusted model, 28% (95% CI 18, 39) in multivariate model 1 and 19% (95% CI 10, 28) in model 2 (all models, p<0.0001; Fig. 1 ).
Plasma sCD163 is related to other inflammatory markers In univariate linear regression analyses, sCD163 was associated with CRP (R00.24, p00.0002), TNF-α (R00.35, p<0.0001) and IL-6 (R00.25, p<0.0001).
Plasma sCD163 is related to HOMA-IR independently of other inflammatory markers In univariate linear regression analyses, sCD163, CRP, TNF-α and IL-6 were associated with HOMA-IR (all, p≤0.0001; Table 3 ).
In multiple linear regression analyses, including all inflammatory markers (model 3) and adjusted for sex, glycaemic group, age, BMI and concentrations of triacylglycerol and HDL-cholesterol (model 4), only sCD163 (p00.001) and CRP (p 00.01) remained significant predictors of HOMA-IR (Table 3) .
There was no evidence against the hypothesis of equal value of CRP and sCD163 in predicting HOMA-IR (p0 0.42). This conclusion was not altered when adjusting for sex, glycaemic group, age, BMI and concentrations of triacylglycerol and HDL-cholesterol (p00.63).
Discussion
Obesity-associated insulin resistance is central to the development of type 2 diabetes, but it is not easy to estimate insulin resistance in routine clinical practice. Reliable biomarkers for insulin resistance that can be measured in nonfasting blood samples may therefore prove to be of significant clinical value for early identification of at-risk individuals. Early identification is important, since a substantial part of patients with type 2 diabetes already have diabetic complications at the time of diagnosis [19, 20] . We have previously shown that high levels of sCD163 in the general population carry a large increased risk of later development of type 2 diabetes [13] , but whether this is linked to insulin resistance is not known.
In the present study, we have shown for the first time that sCD163 is a strong and independent predictor of insulin resistance (HOMA-IR) in sex-and BMI-matched (mainly overweight/obese) individuals with type 2 diabetes, IGT or NGT. In the unadjusted model, a change of 50% in sCD163 resulted in an estimated change in HOMA-IR of 36%. Importantly, the day-to-day intra-individual biological variation of sCD163 in healthy people is only 9% [21] , and a 50% change in sCD163 will therefore be clinically easy to identify.
Normal human adipose tissue is infiltrated with macrophages that increase in number and activation state during obesity [22] . Different phenotypes have been described that do not fit simple categories of pro-or anti-inflammatory macrophages, but are characterised by excretion of inflammatory cytokines such as TNF-α and IL-6 [3, 23, 24] . These cytokines induce insulin resistance in the liver, which in turn stimulates the production of CRP [25] . In this study, sCD163 was a strong independent predictor of HOMA-IR, whereas TNF-α and IL-6 were not. This is interesting, since sCD163 and TNF-α share similar mechanisms of shedding by TACE from activated macrophages [9] . However, sCD163 may predict insulin resistance better due to the almost complete monocyte-macrophage specificity of CD163 and the longer plasma half-life of sCD163 (t ½ 0approximately 1 day) [9] , which makes it a more robust biomarker than TNF-α (t ½ 018 min) [26] .
Both increased number of macrophages and increased expression of CD163 in adipose tissue macrophages may contribute to the serum levels. CD163 mRNA levels are increased in the adipose tissue of obese individuals [27] , although a clear association between mRNA levels and sCD163 has not been described. Furthermore, the source of sCD163 may also include other tissue macrophages and blood monocytes known to have increased CD163 expression in diabetes [28] .
Concentrations of sCD163 increased significantly with deteriorating glycaemic status. Furthermore, sCD163 was significantly and independently associated with triacylglycerol and HDL-cholesterol (inversely), which are components included in the definition of the metabolic syndrome [29] . This strong association with the metabolic syndrome was also confirmed in our findings from the general population [13] .
In addition to sCD163, CRP was an independent predictor of HOMA-IR. This emphasises that a model employing both sCD163 and CRP in combination with known factors, e.g. BMI or waist:hip ratio, may be superior in predicting insulin resistance [30] . It is possible that CRP to a higher degree reflects vascular inflammation, whereas sCD163 predominantly reflects obesity-related inflammation [31] . Fig. 1 The relationship between an increase in sCD163 (%) and the corresponding increase in HOMA-IR (%). The study has some limitations due to the nature of its design. The participants were mainly overweight/obese, and the results may not be applicable to the small subgroup of leaner individuals who develop type 2 diabetes. We used HOMA-IR as a proxy of insulin resistance. Since the gold standard technique-the hyperinsulinaemic-euglycaemic clamp-is a laborious and time-consuming procedure, HOMA-IR has been widely used and acknowledged in large-scale studies as an estimate of insulin resistance. Furthermore, due to the cross-sectional design we cannot make any conclusions regarding cause-and-effect relationships. Such implications would require a design which in a more direct way tests the effect of altering one factor (e.g. insulin sensitivity) on the other factor (CD163). Moreover, we cannot conclude whether a time-dependent relationship between changes in sCD163 and changes in insulin resistance exists. Medications other than oral glucose-lowering agents were only paused for 24 h, and carry-over effects that influence the results may exist. Finally, the age-matching was not perfect, since those with IGT and type 2 diabetes were 6 years older than those with NGT. Age, however, was included in the multiple linear regression analysis and did not prove to be a significant confounder in the study.
In conclusion, macrophage-specific sCD163 is strongly and independently associated with HOMA-IR and other relevant metabolic variables of the metabolic syndrome. Plasma sCD163 seems to be a better predictor of insulin resistance than TNF-α and IL-6. Plasma sCD163 should be further evaluated as a simple and reliable measure of insulin resistance.
